Numerous human chemoprevention studies have demonstrated that non-steroidal anti-inflammatory drugs (NSAIDs) possess chemopreventive effects against a variety of malignant tumors. However, there have been many clinical studies on aspirin, but not ibuprofen, even though ibuprofen is one of the most clinically and safely used NSAIDs showing potent anti-inflammatory effects. Moreover, we reported that many chemopreventive agents enhance the apoptosis-inducing effects of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), which is known to be crucial for cancer prevention. We, therefore, investigated whether ibuprofen enhances the cytocidal effect of TRAIL and found that ibuprofen markedly stimulated the apoptosis-inducing efficacy of TRAIL against human colon cancer HCT116 cells. As detected by western blot analysis and real-time RT-PCR, ibuprofen upregulated the expression of death receptor 5 (DR5), a TRAIL receptor. TRAIL-induced apoptosis enhanced by ibuprofen was effectively decreased by a caspase inhibitor and dominant-negative DR5. Noteworthy, co-treatment of ibuprofen with TRAIL did not enhance apoptosis in normal peripheral blood mononuclear cells (PBMCs). These results demonstrated that ibuprofen and TRAIL synergistically induced apoptosis in human colon cancer HCT116 cells but not in normal PBMCs, raising the possibility that ibuprofen may be promising as a safe chemopreventive agent against colon cancer.
Introduction
Colorectal cancer is the second most common cancer in developed countries (1); therefore, chemoprevention for colorectal cancer is indispensable. Clinical and preclinical studies provide strong evidence that non-steroidal anti-inflammatory drugs (NSAIDs) can prevent numerous types of malignant tumors (2, 3) , particularly colorectal cancer (4) (5) (6) (7) . Also in Japan, double-blind randomized clinical trials have been registered to elucidate the preventive effects of low-dose aspirin on colorectal cancer and adenoma growth (8, 9) . Among these studies, many reports on aspirin have been published; however, a greater risk of bleeding complications remains with aspirin (10) , and its chemopreventive potential might be limited. Thus, we focused on ibuprofen, one of the most commonly used NSAIDs as a worldwide over-the-counter (OTC) drug. The anti-inflammatory effect of ibuprofen was found to exceed aspirin (11) and the side effects are fewer than other NSAIDs.
In general, NSAIDs inhibit cyclooxygenase (COX)-1 and COX-2, which are key enzymes of prostaglandin biosynthesis. Several independent molecular investigations have shown that COX-2 is overexpressed in 67-83% of human colon tumors (12, 13) . The chemopreventive effects of NSAIDs have been reported due to their ability to inhibit the production of proliferative and inflammatory prostaglandins (PGs), particularly PGE2. Thus, specific COX-2 inhibitors, developed as a means to reduce the gastrointestinal toxicity associated with inhibiting COX-1, are expected to be used for chemoprevention against colorectal cancer (14) . However, it has been elucidated that treatment with specific COX-2 inhibitors is associated with an increased incidence of adverse cardiovascular events, even after short-term exposure (15, 16) . Nevertheless, there is a similar reduction in the risk of human colon cancer by selective and nonselective COX-2 inhibitors (17, 18) . In contrast, ibuprofen inhibits both COX-1 and COX-2 equally, and causes G1-phase arrest by decreasing cyclin D1 expression and (19) (20) (21) . However, there have been no clinical studies on whether ibuprofen has a chemopreventive effect. Moreover, we reported that many chemopreventive agents enhance the apoptosis-inducing effects of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) (22) (23) (24) (25) . TRAIL is a member of the TNF family and induces apoptosis in many types of malignant tumor cells in vitro and in vivo, but has little or no toxicity in normal cells (26, 27) . Death receptor 5 (DR5; also called TRAIL-R2) and death receptor 4 (DR4) are receptors for TRAIL. A soluble recombinant human TRAIL is undergoing phase I/II clinical trials for the treatment of solid malignant tumors (28) (29) (30) . Furthermore, endogenous TRAIL plays an important role in the inhibition of carcinogenesis, since TRAIL deficiency accelerates the growth of malignancies in mice (31) . Activation of the TRAIL signaling pathway is considered an attractive option for cancer treatment and prevention.
In the present study, we found that ibuprofen markedly stimulated the apoptosis-inducing efficacy of TRAIL against human colon cancer HCT116 cells, but not against normal human peripheral blood mononuclear cells, and ibuprofen may be a safer chemopreventive candidate than aspirin.
Materials and methods
Reagents. Ibuprofen was purchased from Nacalai Tesque (Kyoto, Japan) and dissolved in dimethyl sulfoxide (DMSO). Soluble recombinant human TRAIL/Apo2L was obtained from PeproTech (London, UK). The human recombinant DR5 (TRAIL-R2)/Fc chimera and caspase inhibitor, zVAD-fmk, were purchased from R&D Systems (Minneapolis, MN, USA).
Cell culture. Human colon cancer HCT116 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 4 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. Normal peripheral blood mononuclear cells (PBMCs) were isolated using Lymphoprep (Axis-Shield, Oslo, Norway) and maintained in RPMI-1640 medium with 10% FBS and 2 mM glutamine. PBMCs were acquired from healthy volunteers after obtaining informed consent. This study was approved by the Kyoto Prefectural University of Medicine Research Ethics Committee (permission no. C-919). All cells were incubated at 37˚C in a humidified atmosphere of 5% CO 2 .
Detection of apoptosis. DNA fragmentation was quantified based on the percentage of hypodiploid DNA (sub-G1). After being washed with phosphate-buffered saline (PBS), the collected cells were suspended in a 0.1% Triton-X 100/PBS solution. They were then treated with RNase A (Sigma, St. Louis, MO, USA) and the nuclei were stained with propidium iodide (Sigma). The DNA content was measured using FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA). For each experiment, 10,000 events were analyzed. Cell Quest software (Becton Dickinson) was used to analyze the data.
Western blot analysis. The cell lysate was prepared as previously described (32) . The cell lysate was resolved on a 5, 7.5, 10 or 12.5% SDS-polyacrylamide gel for electrophoresis, and blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). Rabbit polyclonal anti-DR4, anti-DR5 (Prosci Inc., Poway, CA, USA), anti-survivin (R&D Systems), anti-Bcl-2 (Abcam, Cambridge, UK), anti-Bax, anti-c-IAP1, anti-caspase-3, anti-Bid, anti-PARP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and mouse monoclonal anti-XIAP (R&D Systems), anti-caspase-8, anti-caspase-9 (MBL, Nagoya, Japan), and anti-β-actin (Sigma) antibodies were used as the primary antibodies. The blots were incubated with the appropriate HRP-conjugated secondary antibody (GE Healthcare, Piscataway, NJ, USA), and signals were detected with Chemilumi-One (Nacalai Tesque).
Determination of TRAIL receptor expression. Cells were harvested by short trypsinization, washed once with ice-cold PBS containing 1% bovine serum albumin (BSA), and resuspended in 100 µl PBS with 1% BSA. Then, PE-labeled mouse anti-human DR4 or DR5 mAb (eBioscience, San Diego, CA, USA) was added. To assess nonspecific staining, PE-labeled control IgG isotypes (eBioscience) were applied. After a 30-min incubation on ice, cells were washed and 2x10 4 cells were analyzed by FACSCalibur.
RNA analysis. Total cellular RNA was extracted using Sepasol-RNA I (Nacalai Tesque), according to the manufacturer's instructions. For quantitative real-time RT-PCR, total RNA (2 µg) was reverse-transcribed to cDNA in a 20 µl reaction volume, using a High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Quantitative real-time RT-PCR was carried out using an RT-PCR system GeneAmp7300 (Applied Biosystems). Real-time quantitative reverse transcription-PCR primer-probe sets for DR5 and GAPDH mRNA were purchased from Applied Biosystems. The expression level of DR5 mRNA was normalized against the level of GAPDH mRNA in the same sample.
Statistical analysis. Data are the means ± SD of three determinations. Data were analyzed using the Student's t-test, and differences were considered significant at P<0.05.
Results
Combined treatment with ibuprofen and TRAIL induces synergistic apoptosis in HCT116 cells. It has been reported that NSAIDs have antiproliferative effects on human colon cancer. In the present study, we investigated the effect of an NSAID, ibuprofen, and/or exogenous recombinant human TRAIL on apoptosis in human colon cancer HCT116 cells. We quantified apoptotic cells by measuring the sub-G1 population. Whereas treatment with ibuprofen or TRAIL only weakly induced apoptosis (Fig. 1A and B) , the combination of ibuprofen and TRAIL synergistically induced apoptosis (Fig. 1C) .
Ibuprofen induces DR5 expression in HCT116 cells. To investigate the underlying mechanisms by which ibuprofen enhances TRAIL-induced apoptosis, we examined the alterations in protein expression by treating HCT116 cells with ibuprofen for 24 h. First, we carried out western blotting for TRAIL receptors, DR4 and DR5, and several anti-and pro-apoptotic proteins ( Fig. 2A) . Ibuprofen significantly upregulated the expression of DR5, but not DR4. Ibuprofen also decreased the expression of survivin and XIAP. In contrast, Bcl-2, c-IAP1 and Bax were not significantly changed. Next we examined the expression levels of DR4 and DR5 in the membrane fraction measured by flow cytometry (Fig. 2B and C) . Ibuprofen at 1.5 mM did not change the expression of DR4, but apparently increased DR5 expression. Furthermore, we analyzed the DR5 mRNA level after treatment with ibuprofen at the indicated concentrations for 24 h by quantitative real-time RT-PCR (Fig. 2D) . Ibuprofen at 1.5 mM increased DR5 mRNA expression ~5-fold.
Combination of ibuprofen and TRAIL cleaves caspases and a substrate of caspase PARP.
We next investigated whether the sub-G1 population reflects caspase-dependent apoptosis by inhibitors of caspase. The apoptosis induced by the combination of ibuprofen and TRAIL was almost completely inhibited by the pan-caspase inhibitor zVAD-FMK (Fig. 3A) . Next, we used a recombinant human DR5/ Fc chimeric protein, which has a dominant-negative function against DR5. As shown in Fig. 3A , the apoptosis induced by the combination of ibuprofen and TRAIL was effectively blocked by DR5/Fc chimera. Thus, these results demonstrated that the enhancement of apoptosis caused by the combination occurred in a caspase-dependent manner and via the interaction between TRAIL and DR5. Furthermore, we performed western blot analysis of caspase-3, -8, -9, Bid and PARP in cells treated with ibuprofen and/or TRAIL (Fig. 3B) . Bid is a substrate of caspase-8 and is cleaved during the activation of TRAIL signaling. Combined treatment with ibuprofen and TRAIL markedly induced the cleavage of caspases, Bid and PARP. Moreover, the DR5/Fc chimeric protein and zVAD-FMK effectively blocked the cleavage of caspases, Bid and PARP induced by the combination treatment. These results also indicate that the combination of ibuprofen and TRAIL induces apoptosis dependent on caspases and TRAIL-DR5 interaction.
Combination of ibuprofen and TRAIL does not induce apoptosis in normal human peripheral blood mononuclear cells (PBMCs).
We next examined the effect of ibuprofen treatment on normal human cells. The major side effect of chemotherapeutic agents is pancytopenia, the dysfunction of hematopoietic cells during clinical treatment. Thus, we used normal human PBMCs as a comparison subject. In normal human PBMCs, the level of DR5 expression was barely expressed, and ibuprofen did not induce DR5 protein expression (Fig. 4A) . Noteworthy, the combination of ibuprofen and TRAIL did not induce apoptosis in normal human PBMCs, although it markedly induced apoptosis in HCT116 cells (Fig. 4B) . 
Discussion
There is epidemiological and experimental evidence that NSAIDs confer a chemopreventive effect against various types of tumors. Although NSAIDs exert anticancer effects on colorectal cancer, their precise mechanisms are still controversial.
Moreover, several studies suggest that various NSAIDs, such as aspirin, sulindac sulfide and diclofenac, sensitize cancer cells to TRAIL-induced apoptosis. Ibuprofen, an NSAID, has been widely used as a safe OTC drug, but it has not been reported whether it enhances the cytocidal effect of TRAIL. In the present study, we showed for the first time that ibuprofen with TRAIL synergistically induced apoptosis. As the mechanism inducing sensitivity to TRAIL, ibuprofen upregulated the expression of a TRAIL receptor, DR5 and also decreased the expression of survivin and XIAP (Fig. 2) . In previous studies, aspirin or diclofenac increased sensitivity to TRAIL without upregulation of DR4 and DR5 (33, 34) , whereas sulindac sulfide increased DR5 expression in human colon cancer cells, resulting in enhanced TRAIL sensitivity (35) (36) (37) . Therefore, we hypothesized that the behavior of ibuprofen may be similar to that of sulindac sulfide against colon cancer cells. In order to confirm this hypothesis, further verification experiments are necessary and are in preparation.
Although NSAIDs exert anticancer effects on colorectal cancer by COX-dependent and -independent mechanisms (38), we used HCT116 cells to examine the effect of ibuprofen on stimulating TRAIL sensitivity in this study. HCT116 cells lack expression of COX-2 protein with very low expression of COX-1 (39); therefore, we considered that the effect of ibuprofen on HCT116 cells was a COX-independent mechanism.
Side effects caused by therapeutic drugs are crucial problems in antitumor therapy. NSAIDs are frequently prescribed worldwide, and their tolerance is better than other anticancer drugs. Above all, the most serious adverse effects of NSAIDs occur in the gastrointestinal tract. Thus, many trials have been conducted to compare the tolerability of aspirin, ibuprofen and other NSAIDs. Consequently, ibuprofen was shown to be remarkably well tolerated at OTC doses in a number of studies (40) (41) (42) . Additionally, ibuprofen had the lowest incidence of significant adverse events as compared to aspirin and acetaminophen (43) ; however, in all studies describing the adverse effects of ibuprofen, the observation period was relatively short in order to conclude that ibuprofen is definitely safer than other NSAIDs. Therefore, long-term examination of ibuprofen is warranted. Nevertheless, in the present study, the combination of ibuprofen and TRAIL did not induce apoptosis in normal human PBMCs (Fig. 4) ; therefore, we believe that ibuprofen is a promising candidate as a safe chemopreventive agent against colorectal tumors.
Recently, endogenous TRAIL has been expected to be important for cancer prevention (31) . From this point of view, we aimed to identify a TRAIL inducer for the application of TRAIL in cancer prevention. We previously reported that a type of lactobacillus markedly induced TRAIL expression in normal human PBMCs, thereby inducing the cytotoxic effects of PBMCs against human prostate cancer PC3 cells (44) . We expect that the combination of ibuprofen and a TRAIL inducer such as lactobacillus may have a beneficial effect in cancer prevention.
In conclusion, the present findings suggest that ibuprofen is a safer chemopreventive agent than aspirin against colorectal tumors. We, therefore, confirm that ibuprofen is a safe NSAID and suggest that ibuprofen be used in clinical chemopreventive studies against colorectal adenoma or cancer.
